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1. Introduction
The properties of nanostructured materials can be significantly different from those of bulk
materials. This prospect has attracted immense academic and industrial interests to develop
new synthetic schemes of nano building blocks and self-assembling methodologies for
efficiently manipulating a variety of building blocks into functional materials. Liquid crystal
(LC) materials possess both spatial order and mobility at the molecular level, thus may serve
suitable candidates for self-assembly of nanoscale materials. The LC-based nanoscience (Heg-
mann et al. (2007)) has recently made significant progress to cover the topics of the synthesis
of nanomaterials using LCs as templates, the design of LC nanomaterials, self-assembly of
nanomaterials in LC phases, and defect formation in LC-nanoparticle suspensions.
For the synthesis of nanomaterials and self-assembly of nano objects in LC, researchers had
demonstrated the shape-selective synthesis of gold nanoparticles in a liquid crystal medium
and assembled these nanoparticles to spontaneously form ribbonlike patterns (Mallia et
al (2007)). For the design of LC nanomaterials, suspensions of ferroelectric nanoparticles
in a nematic liquid crystal (NLC) host had been shown to possess an enhanced dielectric
anisotropy and are sensitive to the sign of an applied electric field (Cheon et al. (2005)). Large
colloidal particles in a LC-nanoparticle suspension can cause strong director deformations
and that usually lead to defect formation in LC matrices. By controlling the particles’ shapes
researchers can disturb the uniform alignment of the surrounding nematic host to generate
highly directional pair interactions (Lapointe et al (2009)). Therefore, researchers in the
LC-based nanoscience are now able to tailor colloidal interactions to realize high-precision
self-assembly in anisotropic nematic fluids.
Small particles dispersed in LC at high concentration create almost a rigid LC suspension.
From simulation (Hung & Bale (2009)), a nanocube in a NLC medium with perpendicular
anchoring at the nanocube’s faces tends to align in such a way that none of its faces is parallel
or perpendicular to far-field LC director n(r). A triangular nanoprism with homeotropic
anchoring of the nematic at its surfaces tends to align with both its long axis and one of its
rectangular faces perpendicular to n(r). For systems of nanoprisms in NLC, inverted parallel
arrays (the long axes of the nanoprisms are parallel, and one of the prisms is inverted with
respect to the other one) are thermodynamically more stable than linear arrays (the long axes
of the particles are collinear and the particles have the same orientation), which in turn are
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more stable than parallel arrays (the long axes of the particles are parallel and the particles
have the same orientation). The minima observed in the potentials of mean force curves
for the inverted parallel and linear arrays are significantly deeper than that observed for
the parallel array. These NLC-mediated, anisotropic interparticle interactions can make the
particles bind together at specific locations, and thus could be exploited to assemble the
particles into ordered structures with different morphologies.
At low concentrations, LC nanocolloids appear similar to a pure LC with unique properties
(Ouskova et al. (2003)). The diluted suspensions are stable, because the small concentration
of nanoparticles does not significantly perturb the director field in the LC, and interaction
between the particles is weak. Most importantly, the nanoparticles can share their intrinsic
properties with the LC matrix due to the anchoring with the LC. For engineering appli-
cations (Kobayashi (2009)), nanoparticle-embedded LCDs using nanoparticles of metals,
semiconductors, inorganic oxide dielectrics and polymers had been shown to reduce both
the threshold voltage and response time, to improve frequency modulation electro-optical
response, and even to yield a new display mode.
Unlike NLC, which possesses only orientational order, ferroelectric liquid crystals (FLC)
exhibit smectic layer structures in which the director in the smectic layers tilts with respect to
the layer normal (Lagerwall (1999)). Clark and Lagerwall (Clark & Lagerwall (1980)) invented
the concept of surface-stabilized ferroelectric liquid crystal (SSFLC) to realize the attractive
properties of FLC materials, which include microsecond response time, bistability and wide
viewing angle. However, to meet the industrial application criteria, further improvements
on the properties of FLC are required. Modifying an existing FLC material by doping with
appropriate nanoparticles could produce new FLC by blending instead of synthesizing new
mesogenic molecules and therefore had attracted significant interest (Kaur et al. (2007);
Li et al (2006); Reznikov et al. (2003); Shiraishi et al. (2002)). However, the behaviors of a
dilute suspension of colloidal nanometer-scale particles in smectic medium remain elusive.
Further study to yield insight into the interaction between nanoparticle and FLC species
(Huang et al. (2008)) is crucial not only for designing better blending schemes but also for the
understanding of this new material system.
This chapter aims to provide such an insight. By using FLC doped by ZnO nanocrystals
(nc-ZnO) as a model system, we illustrate several important concepts such as what material
properties can be modified by the doping and what physical processes likely be involved.
We first applied the capacitance-voltage (CV) measurement technique to reveal the roles of
multiple dipolar species in a typical SSFLC film (Li & Huang (2009)). We found that nc-ZnO
doping into the SSFLC not only enhances the dynamic polarization of the beneficial dipolar
species but also minimizes the polarization response of the species with counter effects. We
then exploited two-dimensional infrared (2D IR) absorption correlation technique to verify
that ZnO nanocrystals are dispersed uniformly into the FLC host and the uniform doping
leads to an improved aligning structure of FLC molecules (Huang et al. (2008)). We proposed
that the ZnO nanodots tie up surrounding FLC dipolar species and yield a molecular binding
effect. Finally, dynamic light scattering (DLS) was employed to show that nc-ZnO doping
increases the elastic constant of FLC and renders the mechanical response of the FLC film into
under-damping.
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2. Preparation and Characterization of Materials
2.1 Material Preparation
Zinc oxide nanocrystals were chosen for this study in view of the low-cost synthetic process
with non-toxic chemicals. We synthesized colloidal ZnO nanoparticles with the procedure
reported in the literature (Goyal et al. (1993); Meulenkamp (1998)). To obtain a stabilized
nc-ZnO colloid, we coated the nc-ZnO with 3-(trimethoxysilyl) propyl methacrylate (TPM)
and purified the colloid as reported in the literature. The TEM image reveals the nc-ZnO
colloid to have a size distribution of a mean diameter of 3.2 nm and a full width-at-half
maximum (FWHM) of 1 nm (Huang et al. (2008)).
FELIX 017/100 FLC (from Clariant) with spontaneous polarization of Ps =47 nC/cm2 at 25oC
exhibits a thermotropic transition sequence of Cr
−28◦C
←→ SmC*
73◦C
←→ SmA*
77◦C
←→ N*
85◦C
←→ Iso. The
material properties of the FLC related to this study are summarized in Table 1. To prepare
doped FLC material, an appropriate amount of ZnO nano powder was added into the FLC
and then homogenized with ultrasonic at 85oC for 40 minutes. The substrates of each SSFLC
cell are indium tin oxide (ITO)-coated glass plates of 12 mmx15 mm in dimension, which
were coated with SE7492 polyimide (from Nissan Chemical) and rubbed unidirectionally
to produce uniform FLC alignment. We assembled SSFLC cells with two anti-parallelly
rubbed substrates and maintained the cell gap with 2-µm diameter silica balls dispersed in a
UV-curable gel NOA65. The nc-ZnO doped FLC in the isotropic phase was filled into a test
cell and then cooled slowly to 35oC. All SSFLC cells prepared for this study exhibit a stable
single SmC* domain under an optical conoscope.
2.2 Material Characterization
The characterization of nanoparticles requires highly sophisticated analytical tools. Such
tools must be suited for the studies where the nanoparticles are dilutely doped into a complex
medium. Generally speaking a combination of analytical techniques results in the best
characterization. In this study, a variety of characterization techniques were used to establish
(i) whether the nanoparticles were distributed uniformly in the ferroelectric liquid crystal
medium. (ii) Was there any influence of nc-ZnO doping on the structural ordering and
dynamic response of the SSFLC? (iii) What is the physical picture related to the interaction be-
tween the nc-ZnO and ferroelectric liquid crystal molecules? Combined capacitance-voltage
measurement, two-dimensional infrared absorption correlation technique, and dynamic light
scattering seem to be useful for characterizing the nc-ZnO doped ferroelectric liquid crystal
in the smectic C* phase.
The C-V measurements of the SSFLC cells (Li & Huang (2009)) were carried out at 25oC with
a computer-controlled HP4284A LCR meter, which provides a bias voltage range of 35 V
and a sinusoidal wave of 1.0 V with a frequency range of 20 Hz?1 MHz. We first used C-V
measurement technique to ensure each empty cell to have a voltage-independent capacitance
about 717±35 pF at 1 kHz.
Figure (1) presents the schematic of a SSFLC cell in an infrared absorption spectrometer
(Huang et al. (2008)). Fourier-transform infrared (FTIR) spectra from 900 to 3500 cm−1
with 4-cm−1 resolution were recorded with a liquid nitrogen-cooled HgCdTe detector and
a home-made data acquisition electronics. For time-resolved FTIR measurement, bipolar
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square-wave pulses were used to drive the test cell. The waveform is comprised of a
+10V pulse from 0 to 140 µsec, followed by a field-free period extending from 140 to 500
µsec. Then a -10V pulse extends from 500 to 640 µsec, followed by a field-free duration
from 640 to 1000 µsec. For each polarization direction of the incident infrared beam, a
total of 32 time-resolved interferograms were acquired. The 2D correlation analysis with
varying infrared polarization angles were calculated based upon an algorithm developed by
Noda (Noda (1993)), andwas implemented in a software 2Dshige by S. Morita (Morita (2004)).
Fig. 1. Configuration of SSFLC in a FTIR apparatus. Z denotes the rubbing direction, which is
also the layer normal of the smectic layers. E is the direction of the applied electric field. M
on the right diagram denotes the IR dipole, which tilts from the molecular long axis ξ with an
angle β and can rotate about the ξ-axis by γ.
Figure (2) presents the schematic diagram of the DLS apparatus used to probe thermal fluc-
tuations of a SSFLC cell. A He-Ne laser with a wavelength of 632.8 nm was used as the
excitation light source. The test cell was inserted in a setup with crossed polarizer and ana-
lyzer. We adjusted the incident light polarization to be along to the rubbing direction of the
test cell. We adopted a scattering geometry with the scattering vector lying on the cell’s sub-
strates and being perpendicular to the rubbing direction. This experimental geometry ensures
that the incident photons can only be scattered by the fluctuation of the azimuthal angle ϕ(t)
of FLC directors. Furthermore, a forward scattering geometry with a small scattering angle
(∼ 4o) was used to ensure only the fundamental mode of thermal excitation of the cell to be
observed. The scattered photons were detected with a silicon avalanche photodiode (SPCM-
AQR-15, PerkinElmer) and then fed into the Flex02-01D digital correlator (Correlator.com, NJ)
to calculate the intensity autocorrelation function in real time. The SSFLC test cells in all mea-
surements were kept at a specific temperature with ±0.1oC precision.
Referring to the coordinate system described in Fig. 1, the intensity of the transmitted light
through the setup can be expressed as (Huang et al. (2008))
I = I0[sin
22θsin2
Γ
2
]cos2ϕ, (1)
where Γ = k∆n d
/
2 denotes the phase retardation caused by the SSFLC film and d is the film
thickness.
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Fig. 2. Experimental configuration of DLS. M: mirror; P1 and P2: polarizers; L: Lens; D:
diaphragm. Here the polarization of the incoming beam is set to be parallel to the rubbing
direction of the SSFLC cell, but perpendicular to both the scattering plane and the polarization
analyzing direction for the output scattering beam.
3. Experimental Results
Note that ZnO possesses a wurtzite structure that renders ZnO nanoparticle with a di-
ameter of 2R0=3.2 nm to have a permanent dipole moment of µZnO=50 Debye (Nann &
Schneider (2004); Shim & Guyot-Sionnest (1999)). It is inspiring to first estimate the en-
ergy density of the dipolar interaction resulting from nc-ZnO doping. Being nano-size ob-
jects, the nc-ZnO particles shall behave like a molecular dopant in SSFLC. The dipole-dipole
interaction energy between nc-ZnO and one of the surrounding dipolar species µCO reads
V = µZnOµCO (1 − 3 cos
2 θ)
/
(4piε0r
3). Because the dipole-dipole interaction depends on
the relative orientations θ, the molecules can exert forces on one another and in fact can not
rotate freely. The orientation with lower energy is favoured so there is a non-zero dipolar
interaction energy. At a uniform doping concentration of one weight percent, we estimated
one ZnO nanoparticle to be surrounded by about nFLC =15000 molecules within a sphere of
Rmax =14 nm centered at the nc-ZnO. The thermal average of the dipole-dipole interaction
energy density between nc-ZnO and surrounding FLC molecules becomes (Keesom (1921);
Magnasco et al. (2006))
UZnO−FLCa = −
2 µ2CO µ
2
ZnO nFLC NZnO
3 (4piε0)
2
kBT R
3
0 R
3
max
; (2)
We estimated UZnO−FLCa ≈ 1000J · m
−3 with NZnO = 1.4 × 10
23m−3, µCO =1.5 Debye,
and kBT = 4× 10
−21 J. This interaction energy has an alignment effect similar to that FLC
molecules will experience within a distance of 100 nm from an alignment surface of an
anchoring strength 1× 10−4 J · m−2 and shall produce an observable effect in our SSFLC cells.
Indeed, by inserting a doped SSFLC cell into a setup of crossed polarizer and analyzer and
rotating the cell about the substrate normal, we found the resulting azimuthal pattern of the
optical transmittance has a reduced light leakage in the dark state by 9 times while the optical
throughput in the bright state is increased by 1.2 times, leading to an increased contrast by a
factor of 10 (Li & Huang (2009)).
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3.1 The Influence of nc-ZnO Doping on the CV Characteristics of SSFLC
The origin of the observed improved alignment of FLC molecules by nc-ZnO doping can be
revealed in more detail with the C-V characterization technique. Figs. 3(a) and 3(b) present
two typical CV characteristic curves of SSFLC obtained with a negative-to-positive voltage
sweep. We can use Preisach model to derive the CV characteristic curve of a SSFLC film with
multiple dipolar species (Li & Huang (2009))
Ccell(Vex) = Cconst +
n
∑
i=1
Psi · δi
cosh2[δi · (Vex ±V
∓
Ci
)]
A. (3)
where Cconst denotes the voltage-independent part of the capacitance of FLC; A the cell area;
P the polarization, and Vex the driving voltage. Psi in Eq. (3) represents the spontaneous
polarization as all dipoles of the ith species are fully aligned to an external field. VCi is the
coercive voltage at which the electric polarization of the ith species vanishes during switching
from one orientation to the other orientation (Blinov & Chigrinov (1993); Demus et al (1998)).
δi = log{[1+ (Pr/Ps)i]
/
[1− (Pr/Ps)i]}/VCi is a constant related to species with Pr and Ps
denoting the remnant and spontaneous polarizations, respectively. The (+/−) sign refers
to an increasing/decreasing Vex. The CV curves of Fig. 3 can fit to Eq. (3) with four dipolar
species being involved in the SSFLC films. From the data fitting, we found that by doping
with nc-ZnO, the peak capacitance contributed by species 1 is increased while capacitances
from species 2, 3 and 4 are reduced. ZnO nanocrystal doping also decreases Vc of species 1 by
1.2V, while increases Vc of species 2 and 4 by 1.5V and 0.5V, respectively.
(a) (b)
Fig. 3. CV characterization of SSFLC. The CV characteristic curves (open squares) at 1 kHz
and the corresponding fitting results (solid lines) from the four dipolar species in a SSFLC cell
(a) without and (b) with nc-ZnO doping.
One of the major advantages of SSFLC is microsecond response time for true video rate
applications. Therefore, it is also interesting to investigate how Ps of the four dipolar species
behaves at high driving frequencies. Figure 4(a) shows that nc-ZnO doping results in an
increase in Ps of species 1 while that from the remaining three species are diminished; the
doping-induced spontaneous polarization change (∆Ps) of the four species decays with
frequency, reflecting more and more FLC molecules can not catch up the driving field at high
frequency. These findings strongly support the notion that doping with nc-ZnO enhances
the dynamic polarization of the beneficial dipolar species while it minimizes the polarization
response of the species with counter effects.
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(a) (b)
Fig. 4. Polarization response from dipolar species.(a) The doping-induced spontaneous po-
larization changes (∆Ps) of the four dipolar species in a SSFLC cell as a function of driving
frequency. (b) Schematic drawing illustrating the dipolar interaction of species 1 in an un-
doped SSFLC cell (left) and the dipolar interaction of species 1 with nc-ZnO in a doped SSFLC
cell (right). The inset figure shows the smectic layer structure of SSFLC and Pspe1 denotes the
spontaneous polarization of species 1.
Figure 4(b) presents a schematic drawing illustrating our concept about the dipolar interac-
tion of species 1 in an undoped and a doped SSFLC cell. Dipoles associated with species 1
could adjust their spatial distribution and likely aggregate on those regions near the north
and south poles of the nc-ZnO, and accordingly align in the same direction with the nc-ZnO
dipole. The number of the dipolar species 1 lying on the equatorial plane of the nc-ZnO
becomes smaller. By this way, Ps from species 1 can therefore be increased by nc-ZnO doping.
3.2 2D IR Study on the Effect of nc-ZnO Doping in SSFLC
Two-dimensional IR correlation is a technique where the spectral intensity is plotted as
a function of two independent spectral variables. By spreading spectral peaks along the
second dimension, one can gain an advantage of sorting out complex or overlapped spectral
features that normally cannot be resolved in a one-dimensional spectrum. Generalized 2D
IR spectroscopy is an effective mathematical tool to elucidate spectral details of a dynamic
system (Ozaki & Noda (2000)). The data yielded from the technique are usually presented
with synchronous and asynchronous plots. In our case, the synchronous plot reveals the
information about the in-plane order and the similarity in the IR azimuthal angular patterns,
while the asynchronous plot offers the information about the dissimilarity in the azimuthal
angular patterns. Therefore, the information about the alignment of submolecular species and
their field-induced switching dynamics can be effectively probed with the 2D IR absorption
correlation technique.
In Fig. 5, the field-free 2D synchronous plots in the 2820-3000 cm−1 region were shown on
the left column and the asynchronous on the right-hand side for the undoped (first row) and
the nc-ZnO doped (second row) SSFLC cells. The major auto-peak appearing at 2926cm−1
is assigned to the anti-symmetric stretching of CH2 group (a-CH2) and reflects an in-plane
alignment order of a-CH2. The appearance of the cross-peaks A: 2926 (a-CH2) vs. 2840 cm−1
(s-CH2), B: 2926 vs. 2876 cm−1 (s-CH3), C: 2926 (a-CH2) vs. 2900 cm−1 and D: 2975 (a-CH3)
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(a) (b) (c)
(d)
Fig. 5. 2D IR plots of CH stretching modes. Synchronous (a and c) and asynchronous (b and d)
2D IR correlation plots from the alkyl-chain modes of SSFLC cells without (a and b)and with
nc-ZnO doping (c and d).
vs. 2926 cm−1 indicates the IR-active dipoles of CH2 and CH3 to be angularly correlated.
Notice that the asynchronous cross-peak can reflect relative orientation difference of IR-active
dipoles. Two cross peaks B and B′ in Figure 5(b) can therefore be attributed to be s-CH3
from different species. The cross peaks A, B and C were found to be positive while B′ and
D to be negative. By defining Φ0 as the apparent angle of the maximum IR absorbance,
the asynchronous cross-peak can be expressed as Ψa(ν1, ν2) = 0.11 sin 2[(Φ0(ν1) − Φ0(ν2)]
(Huang & Shih (2006)), indicating that IR-active modes associated with the cross peaks A, B,
and C relative to that of the a-CH2 mode at 2926-cm−1 have smaller Φ0 while peaks B
′ and D
have larger Φ0.
In the synchronous plot, the major auto-peak of the SSFLC doped with nc-ZnO appearing
at 2926 cm−1 is more intense than the undoped sample, indicating an improved alignment
order with nc-ZnO doping. In the asynchronous plot, the cross peaks C and D of the doped
sample become in phase, suggesting that CH2 and CH3 in the doped SSFLC are packed into
a more ordered structure. This shall happen only when the ZnO nanodots are dispersed
uniformly in the FLC medium.
In Fig. 6, the synchronous 2D IR plots from the core groups, the ring C=C stretchings of the
FLC were presented. The cross-peaks of C(1514 vs. 1608 cm−1), B(1584 vs. 1608 cm−1) are
more distinctive with nc-ZnO doping, indicating a more ordered structure of the core groups
in the doped SSFLC cell.
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(a) (b)
Fig. 6. 2D IR plots of core groups. Synchronous 2D IR correlation plots from the core groups
of SSFLC cells (a) without and (b) with nc-ZnO doping.
By using time-resolved 2D IR correlation technique, the field-induced switching of SSFLC
can be finely resolved into the reorientation of submolecular species. We had successfully
exploited a global 2D phase defined as tan−1[Ψa(ν1, t ; ν1, 0)
/
Ψs(ν1, t ; ν1, 0)] to reflect the
orientational variations of IR-active modes (Huang et al. (2008)). The resulting 2D IR phase
angles of the IR-active modes associated with the FLC cores and alkyl chains are presented
in Fig. 7. The phase angles change sign with the polarity of the driving field, indicating
that during the field-induced reorientation the IR-active molecular dipoles projected onto the
substrate surface point to two opposite sides of their corresponding field-free directions. The
CH2/CH3 stretching modes associated with the alkyl chains are loosely connected, resulting
in larger angular spreads than that the core groups. By doping nc-ZnO into SSFLC, the
orientational variations of the IR-active dipoles reveal smaller angular spreads, suggesting
doping with nc-ZnO yields more concerted reorientation processes.
3.3 Dynamic Light Scattering from pure SSFLC and nc-ZnO Doped SSFLC
The experimental results described above clearly indicate that a dilute suspension of colloidal
nanometer-scale particles in SSFLC film can significantly improve both the field-free align-
ment and the field-induced dynamic response of the film at the submolecular level. However,
due to the unavoidable random impacts from thermal excitation, the SSFLCmolecules behave
stochastically. The random force constantly pushes FLCmolecules away from the orientations
of minimal elastic energy. As the FLC molecules return to their equilibrium orientations, they
release the elastic energy into the rotational kinetic energy and through which, the kinetic
energy is dissipated via the viscous dragging force. To advance our knowledge of the new
ferroelectric liquid crystal material, we further conducted a series of dynamic light scattering
measurements.
Dynamic light scattering (DLS) is an efficient technique to probe the stochastic behavior
of a material. The methodology can yield an autocorrelation function G(t) = 〈Is(t)Is(0)〉
(Berne & Pecora (2000)) of the optical scattering intensity Is(t) resulting from the SSFLC film
under study. Figure 8(a) presents the autocorrelation curves of undoped SSFLC acquired at
varying temperatures. We can find several characteristic features from the measured DLS
curves. First, autocorrelation at short delay time G(t → 0) increases with temperature of the
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Fig. 7. Dynamic responses of functional groups. Time courses of 2D IR correlation phase
angles of IR-active molecular normal modes of SSFLC with (open symbols) or without (filled
symbols) nc-ZnO doping. The dashed line denotes the bipolar square wave form of applied
electric field used.
SSFLC film. Secondly, at higher temperature the autocorrelation at long delay time G(t → ∞)
relaxes to a higher level than that at lower temperature. Note that the value of G(0) can be
related to the total number of fluctuating domains lying in the optically illuminated region
by N = G(0)
/
(G(0)− 1). Although the SSFLC cells used for this study were prepared to
have single domain, the cells do not fluctuate in unison. Instead, they are divided into about
500 coarse grains. By using G(0) of Fig. 8(a) and a light spot of 20 µm, we estimated each
thermally fluctuating domains to have a diameter of about 1 µm.
Fig. 8(b) presents the DLS curve of doped SSFLC with 1% nc-ZnO measured at 45oC. An
interesting oscillating feature can be seen in the curve, which most likely originates from
an increase in elastic constant by the nc-ZnO doping. The increased elastic constant could
convert the mechanical response of the SSFLC from over-damping to under-damping. We
also noted that doping with 1% nc-ZnO significantly increases DLS signal, indicating that
the doping may reduce the total number of fluctuating domains in the optically illuminated
region.
Researchers had noted that stochastic resonances (Gammaitoni et al. (1998)) can occur in a
system with a proper combination of nonlinearity and stochastic excitation. The stochastic
resonances had been exploited to minimize the ill effects of noise on the system. SSFLC is
essentially a nonlinear system. FLC molecules in a SSFLC device typically encounter two
driving forces: one from a deterministic control field and the other a stochastic thermal
excitation force. One may be curious about how the FLC molecules behave under the
influences of these two forces. To answer the question, we investigated the DLS of SSFLC
by using a sinusoidal bipolar waveform of varying frequencies with Vpp=1 V. The measured
DLS curves are presented in Fig. 9. Note that without the interruption of the thermal
excitation the correlated DLS response of FLC molecules to the periodic waveform shall
persist forever. Instead, we found that the envelopes of the DLS curves decrease as delay time
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(a) (b)
Fig. 8. DLS data of SSFLC. (a) The measured autocorrelation curves of DLS from pure SSFLC
at various temperatures (the curves with black, blue, red, and purple colors correspond to
DLS at 65oC, 55oC, 45oC, and 35oC, respectively. (b) The DLS autocorrelation curve of SSFLC
at a doping level of 1% meaured at 45oC.
increases, revealing clearly the randomizing effect of the fluctuating thermal force. Based on
the rotational viscosity and spontaneous polarization of the FLC material, we expect that the
FLC molecules shall not respond to an applied field with a frequency of 10 kHz or above.
At such high frequencies, the FLC molecules remain essentially at the original orientation
with a small random excursion caused by the thermal excitation force. Indeed, the DLS curve
driven at 10 kHz (see the green-colored line in Fig. 9(a)) exhibits a flat response. However, it
is surprising to find that after doping with nc-ZnO (see Fig. 9(b)), the FLC molecules become
responsive even at 10 kHz.
3.4 The Model of Dynamic Light Scattering from SSFLC
To retrieve the underlying physics, we developed a stochastic model to describe the dynamic
light scattering behavior of SSFLC. The model is comprised of two parts: the first part de-
scribes the dynamic light scattering process from a mediumwith a fluctuating index of refrac-
tion, and the second part focuses on the description of the fluctuating process of the medium.
In this section, we will focus our attention on the second part of the model by reducing SSFLC
to an effective medium with a moment of inertia per unit volume ρ and a rotational viscosity
coefficient η. Furthermore, we assumed the SSFLC film to be well below the transition tem-
perature of smectic C* phase. Thus, we can focus on the fluctuating behavior of the azimuthal
angle ϕ of the SSFLC director. Thus, the equation of motion of SSFLCwith thermal force FR(t)
becomes (Chandrasekhar (1992))
ρ
∂2ϕ(t)
∂t2
+ η
∂ϕ(t)
∂t
=
δE f ree
δϕ
+ FR(t). (4)
We further simplified the description of elastic deformation energy of SSFLC with single elas-
tic constant K. The total free energy per unit area can then be expressed as
Efree = d [
1
2
Ksin2θ(
∂ϕ
∂x
)2 − PsE cos ϕ]. (5)
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(a) (b)
Fig. 9. Forced DLS of SSFLC. (a) The measured autocorrelation curves of DLS from pure SS-
FLC at various driving frequencies. (b) The DLS autocorrelation curves of SSFLC at a doping
level of 0.5% meaured at 45oC.
Here d denotes the thickness of the SSFLC layer. The equation of motion in absence of external
electric field finally reads
ρ
∂2ϕ(t)
∂t2
+ η
∂ϕ(t)
∂t
+ Ksin2θ
∂2ϕ(t)
∂x2
= FR(t). (6)
We implemented a strong anchoring boundary condition on ϕ by using ϕ(0, t) = 0, ϕ(d, t) =
0. Assuming the rubbing direction of the SSFLC to be along the z-axis and by applying the
technique of the separation of variables, we can expand ϕ as a series of sinusoidal functions
as ϕ(x, t) =
∞
∑
n=1
ψ(t) sin(npix
/
d). We exploited a forward scattering geometry with small
scattering angle to ensure only the fundamental mode of thermal excitation to be detected.
This can greatly simplify Eq. (6) to yield
ρ
∂2ψ(t)
∂t2
+ η
∂ψ(t)
∂t
+ K˜ψ(t) = FR(t). (7)
with K˜ = Ksin2θ(pi
/
d)2. This is essentially a damped harmonic oscillator driven by a stochas-
tic thermal force FR(t). The thermal force is supposed to vary extremely rapidly over the
time of any observation, causing the excitation effect to be summarized by its first and second
moments
〈FR(t)〉 = 0, 〈FR(t)FR(0)〉 = 2 η kBT δ(t). (8)
Here kB is the Boltzmann constant and T is the temperature. The bracket notation 〈··〉 denotes
an average with respect to the distribution of the realizations of the stochastic variable FR(t).
The important result of the second moment is well known as the Fluctuation-Dissipation
Theorem (FDT) (Kubo (1966)), which relates the strength of the fluctuating force to the
magnitude of the dissipation. It expresses the balance between dissipation which tends to
drive any system to a completely dead state and fluctuation force which tends to keep the
system alive. This balance is required to have a thermal equilibrium state at long times.
By applying Laplace transform on Eq. (7), we can derive an analytical solution of Eq. (7) as
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ψ(t) = ψ(0) s1e
s1 t−s2es2 t
s1−s2
+
[
ψt(0)+
η
ρ ψ(0)
]
es1 t−es2 t
s1−s2
+
1
ρ(s1−s2)
∫
t
0 dτFR(τ)
(
es1(t−τ) − es2(t−τ)
) . (9)
where ψt(0) =
∂ψ
∂t
∣∣∣
t=0
and s1 = −
η
2ρ + i
√
( K˜ρ )
2
− (
η
2ρ )
2
, s2 = −
η
2ρ − i
√
( K˜ρ )
2
− (
η
2ρ )
2
.
By using Eq. (8), we can further calculate the autocorrelation of dynamic light scattering in-
tensity as
G(t)− 1 = 〈I(t)I(0)〉
/
〈I(0)I(0)〉− 1
∝
1
N
{
[
ψ(0) s1e
s1 t−s2es2 t
s1−s2
+ [ψt(0)+
η
ρ ψ(0)]
es1 t−es2 t
s1−s2
]2
+
2 η kBT
ρ2(s1−s2)
2
[
e2s1 t−1
2s1
+ e
2s2 t−1
2s2
+ 2
s1+s2
(1− e(s1+s2)t)
]
}
. (10)
Eq. (9) indicates that although the typical mechanical response of SSFLC is over damping
with K˜
/
ρ< η
/
(2ρ), it can become under damping (K˜
/
ρ> η
/
(2ρ)) if the elastic constant can
be increased to conquer the viscous effect.
For an over-damped SSFLC, the acceleration is quickly damped by dragging force, causing
the rotational kinetic energy term ρ∂2ψ(t)
/
∂t2 to be negligible in Eq. (4). In this case, the
equation of motion becomes
η
∂ψ(t)
∂t
+ K˜ψ(t) = FR(t). (11)
The autocorrelation of dynamic light scattering intensity is then simplified to be
G(t)− 1 ∝
ψ2(0)
N
{ψ2(0)e−2 tK˜
/
η −
kBT
K˜
(e−2 tK˜
/
η − 1)}. (12)
The autocorrelation at the short delay time limit can be found to approach a value of
G(0)− 1 ∝
1
N
|ψ(0)|4 =
1
N
(
kBT
K˜
)2. (13)
In a liquid crystal medium, the effective elastic constant is usually proportional to the square
of order parameter S as K˜ = K˜0S
2(T), which decreases as temperature is increased. This leads
to a higher short-time-limit of the intensity autocorrelation as temperature is increased. At
long delay time, the intensity autocorrelation decays to G(∞)− 1 = 1
N
(
kBT
/
K˜
)2
, implying a
higher background level at higher temperature. These asymptotic behaviors explain well the
experimental observation shown in Fig. 8(a).
Both the elastic constant and rotational viscosity of the FLC decrease as temperature is
increased. Eq. (12) predicts the decay time of the intensity autocorrelation function to be 0.3
sec at 35 oC, 0.2 sec at 45 oC, 0.15 sec at 55 oC, and 0.1 sec at 65 oC, respectively. By inserting
the material parameters into Eq. (11), we can solve the stochastic differential equation
numerically at the four temperatures. We can use the solution to calculate the intensity
autocorrelation function. The calculated DLS curves are presented in Fig. 10(a), which fit to
the experimental data (shown as symbols) quite well. By using a larger elastic constant and
solving Eq. (7) numerically with a thermal force corresponding to a temperature of 45oC, we
can calculate an intensity autocorrelation curve. The result is presented in Fig. 10(b), which
successfully reproduces the oscillating feature of the measured DLS curve shown in Fig. 8(b).
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(a) (b)
Fig. 10. Simulated DLS curves of SSFLC. (a) The autocorrelation functions at a series temper-
ature. The symbols represent the experimental data and the lines are the simulation results.
The related parameters used in simulation are listed in table 1. (b) A simulation result for
underdamped dynamics. Note that the oscillation behavior begins at delay time 0.02 seconds,
which equals to the experiment result of SSFLC doped with 1% ZnO at 45oC.
In response to an external electric field applied along the x-direction, the equation of motion
becomes
η
∂ϕ(t)
∂t
= −Ksin2θ
∂2ϕ(t)
∂x2
+ PsE sin ϕ + FR(t). (14)
Assuming the SSFLC to have a bookshelf geometry with uniform profile along the x-axis, the
first term in the right hand side of the equation can be neglected, which reduces the equation
to
η
dϕ
dt
= PsE sin ϕ + FR(t). (15)
Here Ps
/
η plays a major role in determining the response time of FLC driven by an applied
electric field E. In this case, we encounter two driving forces with PsE sin ϕ being determinis-
tic, and the other FR(t) having a stochastic nature. It is interesting to investigate the dynamics
with simulation and compare it with the experimental results. The parameters used in the
simulation include the spontaneous polarization Ps = 47 nC/cm2, cell thickness d = 2 µm,
and rotational viscosity η = 105mPa · s. The magnitude of random force strength
√
2η kBT
was adjusted to meet the condition of 2kBT
/
η ≃ 0.5, which corresponds to a temperature of
about 25 oC. As shown in Fig. 11(a) for a undoped SSFLC, the simulation curve (the solid
line) calculated with Eq. (15) can successfully reproduce the measured DLS curve (the open
circles) measured at 100 Hz. By increasing the driving frequency to 10 kHz, the simulation
predicts a flat DLS response, which agrees well with the experimental results (open circles)
presented in Fig. 11(b)). The surprising result of Fig. 9(b), showing that the FLC molecules
become responsive at 10 kHz after dopingwith nc-ZnO, can be attributed to a doping-induced
increase in Ps
/
η. Currently we have sampled only very limited parameter space. We believe
many interesting phenomena remain to be explored in SSFLCwith or without nc-ZnO doping.
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(a) (b)
Fig. 11. Simulated curves of forced DLS from SSFLC. The comparison of experimental data
(symbols) and simulated curve (solid line) of DLS at 25oC by applying a sinusoidal waveform
with Vpp=1V and (a) f=100 Hz, (b) f=10 kHz on a SSFLC cell.
4. Importance of the Fundamental Mode of Molecular Orientation Fluctuation in
Liquid Crystal
Why LC molecules under thermal excitation fluctuate collectively in orientation and how
important to investigate the forward DLS from the resulting orientational fluctuation with
small scattering angle? The answers to these questions may lie in the fundamental concept of
symmetry and broken symmetry. In Fig. 12, we present a schematic diagram to summarize
the essential concepts to be discussed.
Typically, a crystal belongs to one of the 230 space groups, which have both the positional
and translational order of constituent atoms or ions. The most important behavior of a
condensed-phase material is a collective excitation of its constituent elements. One type of
the collective excitations in a crystal is phonon, in which each constituent nuclei oscillates
coherently with its neighbors at the same frequency. The oscillatory excitations in a crystal
are under-damped, resulting from the positionally ordered configurations that reduce the
chance of lattice nuclei to bump into each other and enable the lattice to oscillate with a price
of relatively low energy.
For materials with lower symmetry, they can be either positionally or orientationally
disordered. Liquid crystals are positionally disordered, but have an orientational order.
The orientational order reflects the degree of the molecular tendency to align to a specific
direction. In LCs, the analogy to phonon in a crystal is orientational fluctuations of LC
molecules. The collective excitations in LCs are typically over-damped, originating from the
positional disorder of LC constituents. This leads to that inertial forces are much smaller than
the viscous force. FDT describes the relation between the molecular fluctuations and their
energy dissipations in equilibrium.
The dispersion relations for phonons in a crystal and orientational fluctuations in LC offer
further insight into the underlying physics. A zero-frequency mode can exist in both material
systems. The long-wavelength limit of acoustic phonon modes in a crystal always renders
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Fig. 12. Schematic showing the comparison of positionalal order in a crystal and orientational
order in a nematic liquid crystal. The two figures at the bottom are the dispersion relations
ω(q), which is the oscillating frequency of the phonons with
⇀
q denoting the wavevector of
the collective excitation.
⇀
n0 is the average orientation of the LC director, and δ
⇀
n denotes a
fluctuation of the director with a relaxation time of τ.
into the zero-frequency mode, whereas the zero-frequency mode of LC originates from the
long-wavelength limit of orientational fluctuation. However, the q-dependent behaviors are
quite different. The acoustic phonon of a crystal exhibits a linear dispersion of ω(q) ∝ q. The
dispersion relation in LC is parabolic τ−1 ∝ q2, a characteristic property of an over-damping
system.
The existence of the zero-frequency mode in fact originates from the spontaneous breaking
of the symmetry in a system. In the context of Goldstone’s theorem (Strocchi (2008)), which
states if the ground state of a many-body system has a broken symmetry, a gapless branch
of collective excitations must exist in the system to restore the lost symmetry. It is this
zero-frequency mode that makes all the neighboring LC molecules to change the orientations
coherently when external perturbations such as thermal forces are exerted on them. Forward
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DLS with small scattering angle offers us a unique opportunity to probe deeply into the
zero-frequency mode of the orientational fluctuation.
5. Conclusion
In this chapter, we reviewed our recent advances on the ordered structure and dynamic
responses of ferroelectric liquid crystal to an external deterministic force and stochastic ther-
mal excitation. We studied how the ordered structure and dynamic responses were tailored
by doping the FLC with ZnO nanoparticles. Combined capacitance-voltage measurement,
two-dimensional infrared absorption correlation technique, and dynamic light scattering
were shown to be valuable to yield clear picture for the complex system. Specifically,
the CV characterization method revealed that doping FLC with nc-ZnO can improve the
electro-optical response by increasing the spontaneous polarization and reducing the coercive
voltage of the beneficial dipolar species while minimizing the polarization of the species with
counter effects. Our 2D IR correlation data showed that at the submolecular level the ZnO
nanocrystals were dispersed uniformly into the SSFLC medium. This uniform dispersion
yields stronger correlations among the IR-active modes. The resulting stronger correlations
lead to a more concerted reorientation dynamics. Dipolar interaction of a ZnO nanodot with
surrounding C=O groups of FLC molecules was proposed to produce a doping-induced
binding effect with an energy stability of about 1000 J/m3. The doping-induced stability
also revealed in the dynamic light scattering study. Fluctuations in the optical response of a
medium have traditionally been regarded as noise. We found that fluctuations in DLS can be
used as a source of information for the complex system. By comparing the theoretical and
experimental results of DLS, we found that an increase in elastic constant and spontaneous
polarization by nc-ZnO doping can convert the mechanical response of the SSFLC from
over-damping to under-damping. We offered a general discussion on the collective excitation
of molecular orientation in SSFLC based on the Goldstone’s theorem and argued that the
zero-frequency mode may exist in the system to restore the lost symmetry. Based on the
theoretical and experimental studies, we concluded that nc-ZnO doping into FLC can become
a simple yet effective way to tailor the field-induced switching properties of an existing FLC.
This research was supported by the National Science Council of the Republic of China under
grant NSC 97-2112-M-009-006-MY3. The author also likes to thank his graduate students
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oC η(mPas.s) θ (o) Ps(nC/cm2) K˜ (N/m2) τ = (η
/
2K˜) (s)
35 105 14 47 0.17 0.31
45 60 13 39 0.15 0.20
55 35 12 32 0.12 0.15
65 20 10 25 0.10 0.10
Table 1. The Related Parameters of FELIX 017/100 FLC used for the simulation
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